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Monte Carlo Simulations of Water Exchange
Through Myelin Wraps: Implications

for Diffusion MRI
Lorenza Brusini , Gloria Menegaz, and Markus Nilsson

Abstract— Diffusion magnetic resonance imaging (dMRI)
yields parameters sensitive to brain tissue microstructure.
A structurally important aspect of this microstructure is the
myelin wrapping around the axons. This paper investigated
the forward problem concerning whether water exchange
via the spiraling structure of the myelin can meaningfully
contribute to the signal in dMRI. Monte Carlo simulations
were performed in a system with intra-axonal, myelin, and
extra-axonal compartments. Diffusion in the myelin was
simulated as a spiral wrapping the axon, with a custom
number of wraps. Exchange (or intra-axonal residence)
times were analyzed for various number of wraps and axon
diameters. Pulsed gradient sequences were employed to
simulate the dMRI signal, which was analyzed using differ-
ent methods. Diffusional kurtosis imaging analysis yielded
the radial diffusivity (RD) and radial kurtosis (RK), while
the two-compartment Kärger model yielded estimates the
intra-axonal volume fraction (νic) and exchange time (τ ).
Results showed that τ was on the sub-second level for
geometries with axon diameters below 1.0 μm and less than
eight wraps. Otherwise, exchange was negligible compared
to typical experimental durations, with τ of seconds or
longer. In situations where exchange influenced the signal,
estimates of RK and νic increased with the number of wraps,
while RD decreased. τ estimates from simulated signals
were in agreement with predicted ones. In conclusion,
exchange throughspiraling myelin permits sub-secondτ for
small diameters and low number of wraps. Such conditions
may arise in the developing brain or in neurodegenerative
disease, and thus the results could aid the interpretation of
dMRI studies.

Index Terms— PGSTE, exchange time, kurtosis, T 2 relax-
ation, Kärger.
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I. INTRODUCTION

D IFFUSION Magnetic Resonance Imaging (dMRI)
has increased our understanding of the relationship

between the microstructure of white matter and the brain
connectivity [1]. Custom image acquisitions may yield func-
tional information on the white matter microstructure, for
example, axon diameters [2], microscopic anisotropy [3]–[5],
and membrane permeability or water exchange rates [6]–[10].
In the context of exchange, it is unknown how the structure of
the myelin affects the dMRI signal. Gaining such knowledge is
important for the interpretation of dMRI results in maturation,
aging, and neurological disorders.

Myelin is a membranous structure that wraps axons with
multiple lipid bilayers [11], [12], which limits the rate of
water exchange between the intra- and extra-axonal spaces.
Water nevertheless is present in the spaces between the bilay-
ers, and can be identified by its short transverse relaxation
time (T2) [13]. Due to the short T2, many models used to
analyze dMRI data include the assumption that the myelin
does not contribute to the observed signal. However, some
approaches include water exchange between the intra- and
extra-axonal space. These have resulted in a wide range of
estimated exchange times. Nilsson et al. [9] found exchange
times in healthy white matter in order of seconds (1.25−2.5 s)
whereas Nedjati-Gilani et al. [14] found values in the subsec-
ond range (0.5 − 0.6 s).

To better understand the relation between white mat-
ter microstructure and expected exchange times in dMRI,
simulations of water diffusion can be used. Most prior
studies have, however, simulated axons as parallel semi-
permeable cylinders, with exchange implemented as a direct
jump from the intra to extra-axonal space, without consid-
ering the myelin [6], [7], [14], [15]. A few studies included
more complex simulations. Nilsson et al. [8] investigated
water exchange at the gaps occurring along a myelinated
axon where the axolemma is exposed to the extracellular
space (nodes of Ranvier). Hwang et al. [16] developed a
histology-based diffusion simulation method with different
diffusivities in each compartment, including the myelin sheath.
Sen and Basser [17] proposed a model for diffusion in white
matter as an array of identical thick-walled cylindrical tubes
periodically arranged in a regular lattice and inserted in an
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outer medium. Peled [18] studied a tensor model with an
added baseline correlating with intra-axonal water volume on
a geometry composed by coated parallel identical cylinders in
a hexagonal lattice where particles were allowed to diffuse
inside and through compartments. Baxter and Frank [19]
added different spin concentrations for each compartment to
the analysis described by Sen and Basser. To the best of
our knowledge, [20] is the only study to pay attention to
the multi-wrapping nature of the myelin, albeit implicitly,
by modeling diffusion in myelin as anisotropic with a higher
diffusivity in the tangential compared to radial direction [20].

This work explores which axonal geometries permit fast
exchange, defined as sub-second exchange times. The geom-
etry is so complex that simplifying assumptions are required
to approach the problem. Molecules may move through the
myelin spiral, exchange at the nodes of Ranvier or jump
across each of the bilipid membranes that make up the myelin
sheath, with different rates. Here, we chose to investigate the
first of these three potential exchange mechanisms. Monte
Carlo (MC) simulations were performed where the myelin
was modeled as a spiral along which the water molecules
could diffuse freely thanks to a different step generation
mechanism. This configuration would reproduce the histo-
logically known structure of myelin. The dependence of the
exchange time (τ ) on the myelin structure was investigated by
varying the geometrical parameters. The myelin bilayers were
considered to be impermeable, in order to study the through-
spiral exchange mechanism in isolation. Effects of T2 relax-
ation were also investigated. Diffusion-weighted signals from
a pulsed gradient sequence were then simulated with exper-
imental parameters suitable for clinical MRI. The simulated
signal data was subsequently analyzed with the diffusional
kurtosis imaging (DKI) model [21] and the modified Kärger
model [22]. DKI was used to probe the response on summa-
tive variables such as the radial diffusivity (RD) and radial
kurtosis (RK ). The Kärger model was used to specifically
analyze whether exchange times estimated from simulated
signal data agreed with independent results from particle
simulations.

II. METHODS

Microstructure information is in dMRI encoded as a signal
attenuation, due to a phase dispersion caused by the interaction
of magnetic field gradients and diffusing spins. In the MC
approximation, spins are represented by particles having a
phase φ, which shapes the signal according to

S = 1

n

n∑

k=1

wk exp(−iφk), (1)

where n is the number of particles, wk a relaxation-weighting
factor, i2 = −1, and

φk = γ

m∑

j=1

g j x j �t (2)

where γ is the gyromagnetic ratio, g j the magnetic-field
gradient discretized into m time points, x j the position of the
particle at time t = j�t , and �t is the time discretization

of the simulation. The gradient waveform consisted of a pair
of pulsed gradients, which can be described by two timing
parameters: δ, which is the duration of each gradient pulse,
and � which corresponds to the time between the firsts edges
of the pulses. Imaging gradients were not considered.

Note that the diffusion time is given by TD = � − δ/3
and the b-value by b = γ 2δ2G2TD , where G is the gradient
amplitude of the pulsed gradients.

Effects of transverse relaxation were included via the
weighting term wk , which was computed according to

wk =
3∏

c=1

exp(−tc,k/T2;c) (3)

where T2;c is the T2-relaxation time for compartment c, and
tc,k was obtained by tracking the time each particle spent
in each compartment. Since a stimulated echo sequence was
simulated, the only time points that contributed towards the
tc,k were those when the simulated spins were in transversal
mode. Longitudinal relaxation (T1) was not included because
it is considerably slower than the transverse relaxation.

A. Simulation Setup
The simulation geometry comprised three compartments:

intra-axon, extra-axon and myelin, as illustrated in Fig. 1.
Periodic boundary conditions were simulated through an infi-
nite number of two-dimensional transversal sections (“units”)
of parallel cylinders representing axons. Each square unit
comprised extra-axonal space around the axon and myelin,
which were placed in the center of the unit. The width of
the unit cell in the regular packing (swidth) was an adjustable
parameter, together with the axon inner diameter (dinner) and
the g-ratio. The g-ratio was calculated as g = dinner/Douter,
where Douter was the outer diameter of the myelin. Another
parameter was the number of myelin wraps (nwraps) around
the axon given the thickness.

In summary, the variables of the simulation model were:
swidth, dinner, g-ratio and nwraps. Throughout this work, the
g-ratio was set to g = 0.7 and swidth was derived from setting
νic = 0.45, while dinner and nwraps were varied. Fig. 1A
shows an example of the geometry with varying dinner and
nwraps while maintaining g-ratio and swidth constant. Fig. 1B
illustrates the periodic boundary conditions.

Myelin was implemented as a one-dimensional spiraling
compartment. This choice was made due to the large dif-
ference in size between axon and myelin: the extracellular
space between the myelin wraps is approximately 3.0 nm
thick [12] whereas the axon diameter is generally between
0.4 and 4.0 μm in the brain [23]. Fig. 1C illustrates the
geometrical equivalence of the described substrate model,
as the intra-axonal space separated from the extra-axonal space
by a long but thin wire. The intrinsic diffusivity was kept
constant in all three compartments, which was ensured by
keeping the step size constant.

A random walk on a discrete lattice was implemented by
allowing particles to move inside axonal or extra-axonal space
along a random direction in the xy-plane at each unit of
time, with a step length of �x . Particles were not allowed
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Fig. 1. Simulation setup. A) Changes of the axon diameter and number of wraps are illustrated across rows and columns, respectively. B) Periodic
boundary conditions. C) Rectified myelin wraps as in the implementation.

to change compartments, except under specific conditions
described in the next section. Inside the myelin spiral, posi-
tions were parameterized by an angle θ , computed as

θk = lk�x/Lnwraps2π (4)

where lk is the position along the spiral. Particles in the
myelin took a random positive or negative unit step along lk

for each unit of time. Angles were transformed to positions
according to

x =
(

dinner

2
+ sθ

)
cos(θ) (5)

y =
(

dinner

2
+ sθ

)
sin(θ) (6)

where s was the spacing between each arm [s = (Douter −
dinner)/(4πnwraps)]. The length of the spiral was calculated by
solving

L =
∫ 2πnwraps

0

√

s2 +
(

dinner

2
+ sθ

)2

dθ. (7)

Exchange was implemented by allowing the transition from
axon to myelin ( pam), from myelin to axon (pma), from extra-
axon to myelin ( pem) and from myelin to extra-axon ( pme) at
specific points in the axonal and extra-axonal space (Fig. 2)
while particles that hit the myelin in other points undergo
to a re-generation of the random jump. These probabilities
were constrained by equilibrium conditions of mass balance
according to:

Mm · pma = Ma · pam (8)

Mm · pme = Me · pem (9)

where Mm , Ma and Me are the total number of particles
(“masses”) in the myelin, axon and extra-axonal space, respec-
tively. Since the myelin space was represented differently
from the axon and extracellular spaces, the initial particle
concentrations in each space was computed by counting pixels
occupied by each compartment multiplied by the respective

Fig. 2. Exchange setup. Referring to the geometrical equivalence of the
cell unit for the implementation, the impermeability of the myelin walls
is shown except for the myelin-to-axon and the myelin-to-extra areas
highlighted by areas � and � respectively. In these areas, particles flow
is allowed in both the directions.

spin concentration. For myelin, the concentration depended on
the ratio between the probability to enter and leave it. These
were computed as follows:

pma = 1.0

pam = pma · Am

Aa
pme = 1.0

pem = pme · Am

Ae
. (10)

We assumed no hindrance for particles entering the myelin,
except that the “cross sectional area” of the myelin layer was
smaller than the simulated voxels. Thus, the axon-to-myelin
transition area (Am) was set to the width of the myelin water
layer (3.0 nm [12]) whereas the myelin-to-axon and myelin-
to-extra areas (Aa and Ae, respectively) were set to �x .

B. Simulations
In the subsequent two-dimensional simulations, the num-

ber of particles used was n = 100000, diffusivity D =
2.0 μm2/ms, �x = 0.05 μm and 100 equally spaced b-values
were chosen from 0 to 2500 s/mm2.

1) Simulation Set #1: Observable τ : The first set of simulated
experiments were designed to probe how the intra-axonal
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residence time, referred to as the exchange time, depends on
myelin properties. Particles were thus initialized in the intra-
axonal and myelin spaces only. Exchange into the extra-axonal
space was allowed, but particles were not allowed to re-enter
the myelin. This setup gives an unbiased measure of τ [7].
Random walks were then simulated for a period of 200 ms
and the number of intra-axonal particles as a function of time
was recorded. τ was computed from the following relation,

n(t) = n(0) exp(−t/τ), (11)

via polynomial fitting of log n(t) in a least-squares sense. The
least-squares fit was performed on the linear relation of the log
of the particles concentration per unit of time. In particular, the
polyfit command in Matlab was employed and used to extract
τ calculating the negative reciprocal of the fitting result.

Effects on the exchange times were investigated in two
fundamental cases. First we investigated effects of the number
of myelin turns (τ versus nwraps), and then of the axon
diameter (τ versus dinner). In the first case, dinner was varied
between 1.0 and 2.0 μm and nwraps between 1, 2, 4, 8, 16
and 32. In the second case nwraps was varied between 1 and 4
and dinner between 1.0, 2.0 and 4.0 μm. For reference, please
note that the median axon diameter in the planum temporale
sector of the human corpus callosum was recently reported to
be 0.89 μm [24].

2) Simulation Set #2: PGSTE Simulation: Pulsed-gradient
stimulated echo (PGSTE) acquisitions were simulated with a
diffusion encoding time of δ = 15 ms, and three different �
of 25, 55 and 225 ms. The mixing time corresponded to �
(25, 55 and 255 ms, respectively) while the echo time was
limited to time of the two gradient pulses 2δ (30 ms).

3) Simulation Set #3: RD and RK Estimates: The DKI
model [21] was fitted to the PGSTE simulated signal for
δ = 15 ms and � = 25 ms for two different choices of myelin
T2 relaxation: short (T2 = 15 ms) and long (T2 = 85 ms),
while the T2 was set to 85 ms for both the axon and extra-
axon compartments [20].

Following the one-dimensional perpendicular acquisition
scheme, the model was formalized as follows:

S(b) = S0 · exp
[
−b · RD + (b · RD)2 RK/6

]
. (12)

The free parameters of the model S0, RD and RK were
obtained through nonlinear curve-fitting in least-squares sense
via the Levenberg-Marquardt algorithm without enforcing a
negative first derivative. The initial parameter guesses that
we chose were the simulated S0, ∼0 m2/ms for RD and ∼0
for RK.

In addition, the apparent fiber density (AF D) was cal-
culated as the diffusion signal value at the highest b-value
(2500 s/mm2). This measure calculated in radial direction with
respect to the substrate provides an estimation of νic [25].

4) SimulationSet #4: τ Value Estimate: The PGSTE synthetic
signals were used to fit the Kärger model [22]. More in detail,
the two-compartment model was the same as in [7]:

S(b) = S0
[
1 1

]
exp(−b · ADC + K · TD)

[
νic

νec

]
(13)

where νec = 1 − νic; ADC was defined as follows:

ADC =
[

ADCic 0
0 ADCec

]
(14)

with ADCic calculated as in [7]; and K was formalized as:
K =

[−kec kic

kec −kic

]
(15)

where kec and kic were the exchange rates in respectively intra-
and extracellular compartments related by kecνec = kicνic and
kic = 1/τ .

The free parameters S0, ADCec, τ and νic were recovered
by nonlinear curve-fitting in least-squares sense via the trust-
region-reflective algorithm. The diameter was fixed in a neg-
ligible range given that the axons’ diameter was below the
resolution limit of dMRI [26].

Moreover, 500 instances of Gaussian noise (signal to noise
ratio SN R = 40) were added to each considered diffusion
signal and the 5th and 95th percentiles of the estimated
parameters distributions were calculated.

III. RESULTS

A. MC Simulator Validation

The MC simulator was validated by experiments comparing
the results with well known ground truths. Results are reported
in Supplementary Materials.1 In particular, simulations of free
and restricted diffusion were found to agree with theoretical
predictions. The transition between compartments was also
tested by studying the concentration trends in each compart-
ment during 200 ms. The test was performed for transition
probabilities both allowed and not, and the negligible slope
of the number of particles versus time in both cases con-
firmed that the initial system was in equilibrium and that the
exchange mechanism was correctly implemented. The time
tracking of the particles was checked by using the same
simulation set of the restricted diffusion validation test with
particles distributed in all compartments. Since no transition
was allowed, the equality between the time spent in each
compartment and the total time required for the acquisition
sequence proved the correctness of the simulation. The T2
relaxation was assessed using the same simulation set of
the free and restricted diffusion validations. The results were
validated by comparing the signals to the theoretical ones
modulated by the term exp(−Ttot/T2).

B. Simulations

1) Simulation Set #1: Fig. 3A shows observable τ values
as a function of nwraps for two different dinner. In particular,
water particles escaped slower from axons adding wraps, and
τ values were systematically higher for larger dinner. Fig. 3A
shows the axon water concentration versus time decaying
trend, from which τ could be recovered.

Fig. 3B illustrates how exchange times depend on dinner.
Exchange times were longer for larger axons and in axons
with more myelin wraps. In both cases, y-axis was limited

1Supplementary materials are available in the supporting documents/
multimedia tab.
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Fig. 3. Exchange time observed as the time taken by water particles
for escaping from axon into extra-axon depending on A) the number of
wraps for axon diameter 1.0 and 2.0 µm, B) the axon diameter for 1 and 4
myelin wraps. In A) is also reported the axon water particles versus time
curve for axon diameter 1.0 µm and � wraps.

to 3500 ms to highlight only configurations where τ can be
expected to be recoverable with current MRI acquisitions [9].

2) Simulation Set #2: The simulated diffusion signals curves
are illustrated in Fig. 4, which shows that less myelin wraps
resulted in stronger signal attenuation. The signal generated
in the geometry with the highest number of wraps did not
change with varying TD , while in the ones with smaller nwraps
the attenuation increased with TD . Moreover, differences in
Fig. 4A and 4B highlighted a larger sensitivity to nwraps
variations when dinner was small.

3) Simulation Set #3: Model parameters from DKI are
shown in Fig. 5A and 5B. Fig. 5C shows the signal at the
highest b-value, which is referred to as AF D. The values of
RD generally decreased with increasing nwraps in the range
0.62−0.46 μm2/ms, while RK and AF D increased. Values of
RK varied in the range 1.75−2.67 while AF D varied between
0.42 and 0.56. A larger slope of RD, RK and AF D versus
nwraps curves were observed for longer myelin T2 relaxation.
Moreover, for long myelin T2 relaxation the curve representing
small axons overcame the bigger axon curve at lower nwraps
(16 wraps) compared to short myelin T2 relaxation for all
parameters.

4) Simulation Set #4: Fig. 6 shows the parameters estimated
via Kärger model fitting. The estimated νic slightly increased
with nwraps, and almost negligible error areas were identified
ranging from 0.41 to 0.52. No large differences were observed
in νic when changing dinner. The ADCec estimate was not
highly sensitive to nwraps or dinner, and errors were negligible.
Estimated values of τ behaved as ground truth values in
Fig. 3A, showing higher values for larger dinner and higher
values of nwraps. However, Fig. 6C shows larger estimation
uncertainty at larger values of nwraps. Numerical details are
provided in Table I, highlighting a good agreement between
ground-truth observable exchange times and the exchange
times estimated by the model fit for sub-second exchange
times, but large uncertainties otherwise.

IV. DISCUSSION

This work targeted the impact of the spiraling myelin
structure for explaining water exchange in white matter. To the
best of our knowledge, this was the first time that the spiral-
ing nature of myelin was directly mimicked in simulations.

Other studies have simulated the myelin structure indirectly,
for example, by a compartment with different diffusivity in
the radial and circumferential directions [20]. Understanding
the impact of myelin on exchange is important as it would
contribute to determine the value of τ in white matter for
which an agreement is still missing in [9], [14], and [27]–[29].

We found that small axons with few myelin wraps could
yield sub-second exchange times. Such short exchange times
were within the same order of magnitude as those retrieved
in rat brains [28], [29]. Note that axons in the rat brain are
potentially smaller and have fewer myelin wraps compared to
human axons [11]. Exchange times longer than a second were
found for diameters of above approximately 2.0 μm and in
presence of more than approximately 8 myelin wraps. These
findings were in line with what observed by Dula et al. [30]
and Harkins et al. [31] according to which exchange is slower
in large axons and in axons with thick myelin. In the human
brain, most axons have diameters below 2.0 μm [23], [24], but
for most axons in healthy white matter we expect more than
approximately 10 myelin wraps or more [11], [32]. Our results
thus support the assumption of slow (negligible) exchange in
healthy white matter. This result is more in line with the
findings of Nilsson and colleagues [9] than with those of
Nedjati-Gilani and colleagues [14]. During development or
degeneration, the myelin structure can change and the number
of wraps can shrink [32]–[34], which may reduce the exchange
times. In such cases, measurement of exchange times could
become clinically feasible.

From a mechanistic point of view, we found that the
observable exchange times increased with the number of wraps
and for larger axons. This is intuitively understandable since
the length of the path the spins have to travel to exit the
axon through the myelin sheet increases with nwraps, and thus
the time spent in the spiral. τ was also greater in larger
axons. From our results, we can extrapolate some scaling
laws. Knowing that the surface-to-volume ratio in a cylinder
is determined by the radius (r ) as A/V = 4/r , we know that
τ ∝ r/K , where K represents an equal permeability along the
whole membrane area. In the case of a cylinder covered by a
spiraling impermeable membrane, however, the permeability
is high only where the spiral opens towards the cylinder, and
zero elsewhere. The factor governing the exchange rate will
then be the width of the space between the turns of the spiral.
We thus get τ ∝ r2/Km Am , where Am is the area of the spiral
opening. This law would explain the scaling with r2 in Fig. 3.
Another aspect that could be of interest to explore but is out of
the scope of this study is the modulation of the ADCec which,
in contrast to exchange [35], is a first-order effect (b or q2)
and for which the outer radius and the surface-to-volume ratio
would be a reasonable parametrisation.

From the perspective of the signal-versus-b curves,
we found a larger attenuation in simulated axons with
smaller nwraps. This effect was accentuated with longer dif-
fusion times, in line with [6] and [36]. This result is also in
agreement with the findings of Harkins and Does [20], who
found that slower diffusion in the myelin (in this study given
by many nwraps) accounted for more signal coming from water
staying in the multi-wrapping compartment.
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Fig. 4. PGSTE simulated diffusion signal varying the number of myelin wraps (light blue - blue colors) and diffusion time (columns) for axons having
diameter A) 1.0 µm and B) 2.0 µm.

Fig. 5. DKI model estimated parameters in case of axon diameter 1.0 and 2.0 µm and short (solid line) and long (dashed line) myelin T2 relaxation:
A) radial diffusivity, B) radial kurtosis and C) apparent fiber density.

Fig. 6. Kärger model estimated parameters in case of axon diameter 1.0 and 2.0 µm: A) intracelullar volume fraction, B) extracellular apparent
diffusion coefficient and C) exchange time. Error areas are limited by 5th and 95th percentiles computed on 500 noisy instances of signal (SNR = 40).

After fitting the DKI model, we could observe that RD
decreases and RK increases with the number of wraps. The
ranges of these values were similar to those found by Harkins
and Does [20]. As for the AF D, we expected it to be
proportional to νic [25], but found that it increased with nwraps.
This finding was in line with what found by Peled [18],
who showed that a reduced permeability caused an increase
of the apparent intra-axonal water volume. Concerning the
differences in myelin T2, in this work we observed that
parameters estimation was much more different across nwraps
in long T2 than in short although some interesting slight
differences could be observed for lower number of wraps in
clinical acquisition setting.

The Kärger model fit well to all the simulated signals.
Estimates of exchange times were aligned with expectations
in those cases where τ was on the sub-second scale, e.g. for

small axons and up to approximately 8 wraps. For longer
ground-truth exchange times, the estimated exchange times
were associated to large errors. This was due to the negligible
effect of exchange on the signal for those longer exchange
times. Concerning νic, the estimated values had negligible
error, with values in a range comprehending the ground truth.
Also ADCec findings were stable, showing a very slight
dependence from dinner while it resulted independent from
nwraps. The resulting values were in agreement with D/λ
(λ corresponding to tortuosity factor) as in [7]. An important
implication derived by our work is added evidence of the
capability of Kärger model to retrieve τ when nwraps is low
such as in the developing brain or in case of demyelinating
diseases [32], [33]. Furthermore, in these cases relaxometry
modeling may be unnecessary because the impact of com-
partmental differences in T2 relaxation times was minimal.
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TABLE I
OBSERVABLE AND FITTED EXCHANGE TIME WITH 5th AND 95th

PERCENTILES REPORTED FOR EACH AXON DIAMETER

AND NUMBER OF WRAPS IN ANALYSIS

The simulation substrate that was used in the present study
oversimplifies the white matter microstructures, which leads to
some limitations. First, we assumed a square axonal packing.
This allows a maximum νic lower than what would correspond
to a hexagonal one [37]. It also prevents the appearance
of time-dependent diffusion in the extracellular space, which
results from random packing [38], [39]. Second, white matter
contains axons with a distribution of diameters [40]. This
limits the exploitability of the proposed model for the inter-
pretation of in-vivo measurements. Third, exchange through
the successive bilayers that make up the myelin spiral should
also be accounted for. For thick axons with multiple wraps,
we expect this exchange mechanism to dominate over the
spiral mechanism investigated here. Fourth, the simulations
of the diffusion in the myelin wraps were performed using
another stepping mechanism than in the intra- and extra-
axonal spaces and this could have an impact on the effective
diffusivity in the spiral. In future work, simulations based
on digitized high-resolution models of brain cells will be
considered [41]. Despite these limitations, our results show
that in thin axons with few wraps, exchange through the
myelin spiral should not be neglected in dMRI modeling since
this mechanism alone can contribute to sub-second exchange
times.

V. CONCLUSION

The present study explores the impact of the spiraling
myelin structure on the rate of water exchange between intra-
and extra-axonal environments, and its influence on the dMRI
signal. Our analysis predicts sub-second exchange times for
small axons (dinner < 2.0 μm) and low number of myelin
turns (nwraps < 16). Our results thus suggest that geometric
models must take diffusion through the spirals into account
for thin axons with few wraps. Axons in healthy white matter
can be expected to have more than 8 wraps and unless some
other exchange mechanism contributes substantially to the
exchange, we can expect slow exchange. On the other hand,
axons with fewer wraps are found in the infant brain and in
demyelinating diseases, which may result in sub-second and
clinically detectable exchange times.
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