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A very recent finding with high field MRI is a cellular—-compartment specific, and
orientation-dependent susceptibility contrast in WM (1, 2), attributed to the myelin sheath
that often surrounds axons (see Figure) (2-4). In the major fiber bundles, where myelin
appears to be the dominant source of tissue susceptibility shifts (relative to water) (5, 6),
distinct R,* values and frequency shifts can be observed for axonal and interstitial water,
and water trapped between the layers of the myelin sheath (also called “myelin water”)(2).
This compartmental assignment remains tentative but is partly supported by field modeling
studies (2—4), based on the geometric arrangement of the myelin sheath and the notion that
its susceptibility may be anisotropic (7, 8). If confirmed, this may impact the study of
demyelinating pathologies such as multiple sclerosis. More generally, possible compartment
and orientation dependent frequency shifts need to be taken into account when quantifying
susceptibility with susceptibility mapping techniques.

One outstanding issue with the study of frequency shifts in white matter is an apparent
discrepancy between theoretical and experimental findings for myelin water (2).
Experimental data suggests that the myelin compartment’s mean frequency shift is strongly
dependent on orientation and has a sign opposite to that of axonal water (2, 3). For fibers
perpendicular to the magnetic field, positive mean frequency shifts in excess of +100 ppb
(i.e. ~30 Hz frequency increase at 7T) have been found for myelin water, compared to about
—20 ppb for axonal water (2, 3). Theoretical estimates on the other hand only match these
experimental data when implicitly assuming that, at the nano-scale, myelin water occupies
approximately spherically shaped pockets between the myelin layers (2). In contrast, proper
simulation of a more realistic laminar distribution of water between lipid bilayers leads to
myelin water frequency shifts that are too small and of the wrong sign (negative rather than
positive). For example, a very recent modeling study assuming thin cylindrical myelin water
sheaths leads to estimates to about =17 and —45 ppb for myelin and axonal water
respectively(4). Here, this discrepancy and potential explanations will be briefly looked at.

First, it should be noted that there appear to be a couple of flaws in the most recent study (4)
that directly affect its frequency estimates. One is an apparently incorrect evaluation of its
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equation [39] for the estimate of myelin water frequency shift. Substituting the parameter
values suggested by the authors leads to a myelin water frequency shift of =17 ppb (quoted
above) rather than the value of =47 ppb reported in (4) (this problem, pointed out to the
authors on July 26 2003 via a private communication, appears to have been corrected in
online versions of (4)downloaded after August 3). A secondary issue is the authors’ use of
an unrealistic myelin g-ratio (see Figure) of 0.5, lower than the range of around 0.55-0.9
widely reported for CNS fibers (e.g. (9—11)). For example, using a g-ratio of 0.7 would
results in lower estimates of —10 ppb and —23 ppb for myelin and axonal frequency shifts
respectively. While this axonal shift is consistent with measurements and earlier modeling
work, the myelin shift clearly is not (=10 versus +100 ppb). Thus, despite the apparently
more accurate assumptions for the geometry of the myelin water environment, this model
has less explanatory power than rival models (2, 3) that are able to accurately match the
measurement data with realistic myelin susceptibility values. Importantly, it should be
realized that by not specifically defining the water accessible space within the myelin
sheath, these rival methods use the local magnetization of myelin to calculate the field
experienced by a water proton (12), which is equivalent to implicitly assuming the myelin
water to be restricted to spherical pockets.

How to explain the surprising finding that spherical rather than cylindrical shapes appear
more appropriate to model the field experienced by myelin water? The answer to this
question will likely require more modeling and experimental studies. Below, some potential
explanations will be highlighted, including: (i) the water protons generating the NMR signal
are not where it is assumed they are, (ii) the anisotropy is not where it is assumed it is; (iii)
the are errors in calculating the magnetic field or its sampling by water protons.

Although a hollow cylinder may seem an appropriate shape to model the water-accessible
space between the lipid bilayers of myelin, it may not accurately represent the actual water
distribution. For example, the bilayer itself can have a water content of up to about 20%
(13), partly within the about 0.5 nm deep pockets between the headgroups of the
phospholipid molecules (see Figure), and partly deeper between the phospholipids (13). In
addition, the 3—4 nm thick space between bilayers is not contiguously occupied by water
molecules but contains proteolipid protein and myelin basic protein as well (13, 14). A
further complication is that lipid bilayers are not rigid planes but rather have considerable
flexibility leading to a temporally varying structure (15). Nevertheless, these apparent
shortcomings of the model appear to be relatively minor and too insignificant to
substantially alter the mean field experienced by the water protons.

Another model assumption is the notion that myelin’s anisotropic susceptibility entirely
originates from the hydrocarbon chains of its phospholipid molecules (16). Since this part of
the myelin sheath is hardly accessible by water, approximation of the water environment by
cylindrical spaces appears appropriate. However, it has been suggested that some of the
anisotropy may arise from phospholipid headgroups (17), which are hydrophilic and more
readily accessible by water. For example, the molar anisotropy associated of carboxyl,
which is part of the headgroup (See Figure), is about a quarter of that of the lipid acyl chain
(16). Any field effect experienced by these protons is effectively shared with water protons
further away from bilayer-water interface through diffusion, which is thought to be fast on
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the T, time scale (see e.g. (18)). The fact that these water spaces do not have the clear
cylindrical geometry assumed by the model, may have contributed to the discrepant
findings. Nevertheless, it remains unclear if the headgroups are sufficiently oriented to
substantially contribute to the observed anisotropy.

Lastly, field calculations based on the Fourier method (2), and analytical approaches (3, 4)
are macroscopic continuum approaches, i.e. they do not explicitly calculate the magnetic
dipole fields of individual water molecules, but rather use the Lorentz-sphere construct to
approximate their effect (12, 19, 20). This construct assumes that, due to extensive
averaging of many dipoles within the sphere, their contribution to the local field cancels out
and can be neglected. Calculations taking into account the effect of discrete dipoles suggest
that this assumption holds for spheres that enclose as few as a few hundred dipoles (19).
Imperfect cancellation may occur for protons in the water accessible space between the
phospholipid headgroups at the myelin-water interface surface, whose size is only several
times the dimension of the water molecule. However, when considering that the measured
water frequency results from extensive spatial (over all water accessible space between the
sheaths) and motional averaging, the effect of discrete dipoles can likely be safely neglected.

Various other explanations are possible including rather exotic ones. For example, although
there is increasing evidence for an anisotropic susceptibility of white matter (2, 3, 7, 8, 21),
this may not directly originate from the lipid bilayer itself. In fact, it is possible that some of
the water in the hydration layers of myelin may have a net orientation preference (see
Figure) (22), which combined with the anisotropic susceptibility of the water molecule
(23)may contribute to the anisotropic magnetic properties of white matter. Further studies
will be required to investigate this, and other possibilities mention above.
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Location of water between myelin layers. Water molecules occupy a predominantly
cylindrical annulus between phospholipid bilayers, although some bilayer penetration
occurs. Near the headgroups, water experiences reduced mobility and possibly an
electrostatic orienting effect. Myelin structure is highly simplified to show only

phospholipids, while proteins and other lipids are omitted.
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