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TARGET AUDIENCE - Researchers interested in analysing and modelling diffusion in demyelinating diseases.
PURPOSE - Diffusion tensor imaging (DTI) of white matter MRI data is
widely used to investigate myelin loss, remyelination and axonal integrity of
white matter in demyelinating diseases such as multiple sclerosis (MS)".
Increase in the diffusion coefficient perpendicular to the white matter tracts
(radial diffusivity D;) is frequently associated with damage to myelin, and
the fractional anisotropy (FA) is often interpreted as a measure of axonal
integrity'”. However, lesions in MS show a variety of diffusion
characteristics depending on the physiological processes accompanying the
demyelination, such as axonal disruption, swelling and loss, white matter
tract atrophy (and any combination of them) with different types of
progression of the disease, which complicates the interpretation of diffusion
data. Lesions in acute relapsing-remitting MS, for instance, typically show
an increase in diffusion which is associated with the presence of edema,
although the opposite behaviour has also been reported”’. In this study, we
performed Monte Carlo (MC) simulations to investigate the effect of 4 e *0e®
demyelination on DTI-based measures with randomized axon arrangements,
to provide insights into the interpretation of these measures in the context of
demyelination.

METHODS - We simulated axons whose distribution of inner diameters
was modelled as a gamma distribution fitted to histological data of the
human uncinate/inferior occipitofrontal fascicle. The g-ratio, defined as
the fraction of the inner to outer axonal diameters, was fitted (*=0.975) to

Fig. 1: Cross sections of simulated white matter with increasing g-ratio from (left to
right). Myelin is shown in red, axons in purple. Light grey circles correspond to clones
for periodic boundaries. Demyelination with a) increased extracellular volume fraction,
b) constant extracellular volume fraction. Top row box side length: 15um

macaque myelin sheath measurements also from [4]. We used the resulting b=1000m?/s b=3000m?/s

g-ratio of 0.75 for healthy tissue as a lower bound and increased it up to a g- E B E B

ratio of one (complete loss of myelin) in four steps. Axon arrangements i i § $ 1 o I | I |
were simulated with periodic boundaries following the algorithm from [5] , '

over a range of axonal packing densities (by surface area) from 0.54 to 0.81 ' i : g I ose- I : L
as shown in Fig 1. The demyelination was modelled in two ways: holding “ i 1 N - - ‘ | I <

inner axonal radii constant with (a) fixed axon locations (top row in Fig. 1) H i T : +

or (b) demyelination with fibre tract contraction so that the extra-cellular : ¥ . . ' 3

volume fraction stays constant (bottom row). In both cases, the contribution e T [N T

of the myelin sheath to the signal was ignored; this approximation is grratio g-ratio

estimated to introduce errors smaller than 8% or 4.5% for b=1000s/mm? or a b a 5
b=3000s/mm?, respectively (T2myetin=26ms, T3 cciur=80ms, assuming 10% z -
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As000=42.8ms, 81000=20.7ms, 83000=30ms). Also supporting this assumption NE l NE : | -

is that the observed diffusion tensor in-vivo is independent of the myelin = i I . = 1 : .

water fraction!”. All MC-simulations and non-linear tensor fits were £ | i : = . E : I £ 3 .
performed with the Camino toolkit™®! for 61 gradient directions and both b- & . : /I 1
values independently with equal particle densities and diffusion constants — ~ i | " g 1 | I
(2x10°m’s™") in the intra- and extra-cellular compartments. The calibration | ]| | " 1 1 |
of the number of particles (N) and time steps (t) used in the MC-simulation T e e e e

was performed as described in [5] and yielded N=10000 and t=1000 for B . B .
standard deviations of the normalized signal smaller than 1% for 20 L - ;

repeated measurements. e 2 a

RESULTS — The simulations where the extra-cellular volume fraction was é o A " é I i

increased with increasing g-ratio (a) showed a relative increase in radial % H : ; P : : : % i : I

diffusivity with complete myelin loss by a factor of approximately 3 for 3 :e.x i : i - i i H 5, et i i . .
b=1000s/mm” and 2 for b=3000s/mm" (Fig. 2, middle row). These 3 e Vg l | = il i l ! !
tendencies are reversed with simulation settings (b) where the extra-cellular % “*** ! " ! i1 f i ! EE ; ; : ; ! I
volume fraction remains unchanged, showing decreased radial diffusivity I . - 1 !
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DISCUSSION - Demyelination was simulated in the ideal case of parallel gratio g-rato
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cylinders without crossing fibres, which would otherwise render the neuro- pocking.sensty T M heae ©Rram e prEmes

biological interpretation of D, and FA questionable!”. Our simulations show Fig. 2 Fractional anisotropy (FA) and radial and axial diffusivity plotted against g-ratio
that the apparent radial diffusivity depends on the packing density as well as for both simulation scenarios with b=1000s/mm? and b=3000s/mm?. Data originating
the g-ratio. More importantly, the radial diffusivity can increase or decrease from the same original axon arrangement are linked with lines. Warm to cold colours:
with demyelination depending on how the extra-cellular space behaves. Increasing initial axonal packing density (1- extracellular volume fraction).

When the intra-axonal volume remains unchanged, the increased extra-

cellular space causes an increase in radial diffusivity, as has been previously reported. However, if the axons increase in density to use up the additional space (as might
happen in chronic demyelination, or indeed in healthy unmyelinated white matter), radial diffusivity can go down, with a corresponding increase in FA. This suggests|
that the interpretation of D, as a marker of demyelination is at best questionable, even in single fibre regions. Likewise, the interpretation of FA as a marker of axonal
integrity is also problematic, even without the well-known confounding effects of crossing fibres.
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